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Background and Objective: The diaphragm is an important respiratory muscle that also plays a crucial role in developing intra-
abdominal pressure and assisting in spinal stability. Chronic low back pain (CLBP) is a complex musculoskeletal condition and has
been associated with respiratory problems and altered breathing mechanics. The purpose of this comparative cross-sectional study is to
investigate whether diaphragm fatigue affects breathing mechanics and function in individuals with CLBP.

Methods: Volunteers were recruited between the ages of 35-65 years old with and without CLBP. Participants performed 30 minutes
of exercises intended to fatigue the diaphragm. The following respiratory parameters were measured: Breathing mechanics (chest and
abdominal movement and respiratory rate), diaphragm function (forced expiratory volume in 1 second (FEV1) using a handheld
spirometer), and diaphragm movement as measured by sub-diaphragm (L1 to diaphragm domes) volume changes at the end of
exhalation and inhalation using MRI scans.

Results: A total of 36 participants were recruited (n = 21M; n = 15F), with 18 participants suffering from CLBP (n = 10M; 8F) and 18
participants serving as a comparison group (n = 11M; n = 7F). There were no differences in breathing mechanics, diaphragm function
or excursion (volumetrics) between people with and without CLBP after 30 minutes of exercises intended to fatigue the diaphragm.
Conclusion: The lack of differences suggests that the diaphragm, regardless of its fatigue status as a spinal stabilizer, will not
relinquish or weaken its function as a breathing muscle, though it may be less effective as a spinal stabilizer. Individuals with chronic
or recurrent low back pain might therefore be more susceptible to subsequent pain flare-ups than non-symptomatic individuals.
A potential clinical implication of these findings is that incorporating diaphragmatic breathing exercises to enhance diaphragm
function may offer an effective treatment option for patients with CLBP.

Plain language Summary:

Why was the study done: The diaphragm is a key muscle for breathing but also stabilizes the spine. A prior study has shown that
people experiencing chronic low back pain (CLBP) are more susceptible to diaphragm fatigue as a breathing muscle compared to
asymptomatic subjects. This fatigue is thought to potentially lead to a decline in respiratory function and compromise the diaphragm’s
effectiveness as a spinal stabilizer. This study was performed to see if the opposite is also true: if the diaphragm is fatigued as a spine-
stabilizing muscle, will diaphragm movement and breathing be compromised in people with CLBP?

What did the researchers do and find: Thirty-six adults (21 men, 15 women) aged 35-65, with (10 men, 8 women) and without
(11 men, 7 women) CLBP, participated. Participants performed 30 minutes of exercises designed to tire out the diaphragm.
Researchers measured breathing patterns (chest and abdominal movement, breathing rate), diaphragm function (using a handheld
device to measure air exhaled in one second), and diaphragm movement (using MRI scans to track volume changes during
breathing). The breathing patterns and diaphragm function of both groups were compared, but no significant differences were

found.
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What do these results mean: Even when the diaphragm is tired, it continues to work well for breathing, though it may be less
effective in supporting the spine. This could mean people with chronic low back pain are more prone to future flare-ups.

Keywords: back pain, chronic, breathing, mechanics, functional movement, imaging, diaphragm, spine

Introduction
Background/Rationale

Deficiencies in trunk stabilization and postural control are significant factors associated with and even contributing to
acute' and chronic low back pain (CLBP).> Additionally, trunk stabilization exercises have consistently demonstrated
improvements in functional disability for individuals with CLBP.** Furthermore, there is a well-established correlation
between low back pain and respiratory disorders.’ These findings suggest a close anatomical relationship between
breathing and low back pain, with the diaphragm potentially acting as the connecting element due to its primary roles in
breathing and spine stabilization/postural trunk control. When the diaphragm fails to balance these dual functions, spine
destabilization may occur, potentially leading to low back pain.® One possible underlying cause of this imbalance is
muscle fatigue, defined as a temporary reduction in muscle function.” Janssens et al® showed that increasing the
diaphragm’s workload as a breathing muscle (eg, by adding resistance to inspiratory airflow) diminishes its effectiveness
in postural control. In addition, it has been suggested that fatigue could potentially lead to a decline in the diaphragm’s
respiratory function’ and that diaphragmatic fatigue is more likely to occur in people with CLBP compared to
asymptomatic subjects.®
The dual roles of the diaphragm are described below.

Breathing

The diaphragm separates the torso into thoracic and abdominal cavities, serving as the floor of the thoracic cavity and the
ceiling of the abdominal cavity. During inhalation, the diaphragm contracts, moves caudally and flattens. This action
increases the vertical length of the thoracic cavity and allows for greater lung expansion.'® This is called diaphragmatic
or “abdominal” breathing and is typically predominantly used during quiet breathing. In contrast, “chest breathing”
involves upward movement of the diaphragm and the activation of accessory breathing muscles that pull the superior rib
cage and the shoulder girdle cranially. It is deemed shallower and considered atypical and dysfunctional during quiet
breathing if used in an isolated fashion. Chest breathing leads to greater thoracic and smaller abdominal movement,
caused by decreased contraction of the diaphragm,'® a smaller tidal volume and higher respiratory rate compared to
diaphragmatic breathing.'' Chest breathers are characterized by predominant movement in the thoracic area, while
abdominal breathers exhibit more movement in the abdominal area. The most efficient way to quietly breathe is to use
both, thoracic and abdominal movements, in a coordinated manner, called “costo-diaphragmatic breathing”.'> Over-
reliance on either one could indicate the presence of a dysfunctional breathing pattern and has been associated with
people with CLBP."? A weakened or fatigued diaphragm may impair breathing by preventing the diaphragm muscle from
contracting strongly enough to generate adequate negative pressure in the chest cavity, resulting in less air entering the
lungs during inhalation. As a result, accessory breathing muscles may need to work harder, leading to fatigue, and

individuals may experience shortness of breath during exercise.'*

Spine Stabilization

The diaphragm influences lumbar spine stability through direct and indirect mechanisms. It acts directly on the vertebrae
via its anatomical tendinous attachments on the lumbar spine at the anterior aspect of the L1 and L2 vertebrae.'
Contraction of this dome-shaped structure results in a “hoop-like” arrangement of the abdominal muscles that reduces the
movement of abdominal contents into the thoracic cavity. This creates tension in the thoracolumbar fascia, increasing
spinal stability."
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Indirectly, its contraction, in concert with the transverse abdominis and pelvic floor muscles,'® leads to a dramatic
increase in intra-abdominal pressure'’ and a marked increase in spine stabilization. The increase in intra-abdominal
pressure stiffens the spine, offers postural control and prepares it to handle changes in movement and vertebral loading.

Diaphragmatic weakness can destabilize the lumbar spine through several mechanisms. First, the above mentioned
reduced intra-abdominal pressure directly diminishes spinal support, thereby increasing stress in the lumbar region.
Second, compensatory postural changes from faulty breathing patterns can result in poor spinal alignment, rendering the
spine less stable. Third, other lumbar stabilizing muscles may compensate for the weakened diaphragm, potentially
causing muscle imbalances and fatigue.'

Pain as a Mediator of Respiratory Function and Breathing Mechanics
Acute pain has been shown to increase respiratory frequency, flow, and volume.'® However, the direct influence of

19 . . . .
1" found no differences in respiratory function, as

chronic pain on respiration is still unclear. For example, Shah et a
measured in end-tidal carbon dioxide levels, maximal voluntary ventilation and respiratory rate, in individuals with and
without CLBP. Kolar et al' observed smaller diaphragm excursions and higher diaphragm position with tidal breathing in
patients with CLBP during isometric exercise conditions, but not at rest. Their findings confirmed prior research that
found that differences in respiratory function”® and breathing mechanics'® become noticeable when assessed during an
activity.

Based on these observations, it has been postulated that chronicity or recurrence of symptoms may alter the
relationship between low back pain and breathing mechanics, as long-lasting pain can lead to central sensitization,
affecting the pain experience based on various contextual, psychological, and emotional factors.”'

These previous efforts to probe the relationship between diaphragm fatigue and CLBP expose a key mechanistic gap
in our current understanding. Does the diaphragm fatigue in its role as a spine stabilizer first, leading to decreased
function with regard to breathing mechanics? Or does depression in breathing mechanics occur first (due to other
biopsychosocial factors associated with CLBP), leading to decreased spinal stability? Our study aims to address these
questions by investigating the first scenario: if the diaphragm of CLBP individuals is fatigued in its role as a spinal
stabilizer, will its function as a breathing muscle also be impaired?

The objective of our study was, therefore, to assess breathing mechanics, diaphragm function, and diaphragm
excursion in those who suffer from CLBP compared to healthy individuals after a 30-minute functional spinal movement
program intended to fatigue the diaphragm.

We hypothesized that individuals with CLBP exhibited different breathing mechanics, a higher respiratory rate, less
diaphragm movement with deep inhalation and exhalation and decreased diaphragm function compared to individuals
without CLBP after a movement program intended to fatigue the diaphragm.

Methods

Participants

Sample size was determined based on two studies that used 20*? and 40%* participants for the assessment of diaphragm
dimensions and abdominal muscle thickness, respectively, at inspiration and expiration extremes. Adults aged 35-65
years were recruited from the Provo, Utah area, through print and online advertisements between June 2021 and
March 2024 for a larger study examining movement patterns in individuals with CLBP compared to a non-LBP
comparison group.”* Data collection for this specific sub-study, which was determined a priori, took place between
October 2, 2022, and June 21, 2023. Participants were between the ages of 35-65 years. Individuals were excluded if
they were diagnosed with scoliosis with a Cobb angle >35°, had previous lower extremity injuries or surgeries within the
last 6 months prior to data collection, had pain radiating beyond the knee or any current respiratory conditions or diseases
(ie, COPD, asthma, etc.). Those who were categorized as being asymptomatic did not have CLBP within the last 6
months prior to data collection. Those who were categorized as having CLBP had low back pain rated at least a “2” on
the Numeric Pain Rating Scale (NPRS)*® every day for the last 3 months or 50% of the time within the last 6 months for
which they sought treatment.
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Variables and Data Sources/Measurement

Data collection occurred at Brigham Young University following a protocol approved by our Institutional Review Board.
The participants were informed about the purpose of the study, in accordance with the Declaration of Helsinki and gave
written consent which was witnessed by the researcher or MRI operator. They then provided their demographic
information, including their current pain intensity and medical history. Testing sequence was always: 1. breathing
mechanics (respiratory sensors), 2. diaphragm movement/volumetrics (MRI) followed by 3. forced expiratory volume
in one second (spirometry). All participants performed a movement protocol, consisting of non-functional and functional
activities designed to fatigue the spinal stabilizers as described below®* immediately before their MRI scan. This was
done to capture the diaphragm volumetrics as close as possible after the fatiguing protocol.

Breathing Mechanics
Respiratory sensors (Bio-Medical Instruments’ Respiration Sensor SA9311M) were used to measure axial displacement
of the chest and abdomen as well as respiratory rate in a standing position (Figure 1).

The thoracic sensor was placed at the midsternal level, and the abdominal sensor was placed at the midline of the
abdominal wall just above the umbilicus (Figure 1a).”° While fastening the sensors, the participants were asked to fully
inhale and exhale. At the end of full exhalation, the sensors were quickly fastened so that they were fully secured and
with slight tension on the band.*’ Sensor signaling was recorded using the manufacturer’s software.
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Figure | Respiratory sensors. (a) Placement of sensors on chest and abdomen. (b) Typical waveform generated by movements of the thorax.
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Data preparation: For both the thoracic and abdominal sensors, the average peak-to-peak displacement and average
peak-to-peak cycle time (ie, surrogate for respiratory rate) were measured (Figure 1b). Displacements were calculated
using the manufacturer’s software, while cycle times were calculated using a custom MATLAB (Natik, Massachusetts)
script. Changes in individual sensor measurements over time were evaluated as well as differences between the thoracic
and abdominal displacement measurements. Resting breaths were recorded for 90 seconds. After these measurements
were taken, the sensors were taken off.

Exercise Description

A trained research assistant provided instruction to the participants regarding specific movement patterns and closely
monitored their performance throughout the session. The exercise intervention lasted approximately 30 minutes and
included a combination of uni-planar and functional movements aimed at promoting movement and stability of the
lumbar spine.** The movements were carried out in a standing position and comprised lumbar sagittal plane flexion and
extension, flexion with right and left rotation, extension with right and left rotation, transverse plane lumbar rotation to
both sides, and coronal plane lateral flexion of the spine to the right and left. Additionally, participants transitioned from
a seated position on a stool to a standing position without the use of their hands. A total of 6 repetitions for each exercise
were selected to effectively challenge the stabilizing muscles, including the diaphragm while not exacerbating the pain.?®
This is significant as repeated muscle activation can influence neuromuscular function and feedback, potentially leading
to a decrease in mechanical sensitivity.”” The sagittal plane movements were performed at two distinct speeds: a self-
selected pace and the maximum speed achievable while maintaining safety. The rationale for employing varying speeds
in exercise execution was to challenge local dynamic stability, which has been shown to be limited in fast movements.*’
The uni-planar movements (flexion/extension, rotation, and lateral bending to both sides) were deliberately chosen for
their conceptual simplicity and feasibility, based on evidence indicating that individuals with low back pain frequently
exhibit alterations in motor control.*' In contrast, the multiplanar movements (flexion and extension coupled with
rotation) were selected to better replicate functional activities, acknowledging that the spine typically engages in multi-
planar motion simultaneously. However, they are inherently more difficult to perform because they challenge the body’s

awareness of its position in space and motor control.*!

The sit-to-stand motion was specifically chosen due to its reliance
on lumbar stability, requiring a coordinated contraction of core muscles to transition from a flexed lumbar spine position
while sitting to an extended position upon standing.

All participants were instructed to perform each movement at a comfortable pace. As described above, sagittal plane
flexion and extension was also performed at the fastest speed possible while staying safe. Symptomatic participants,
prone to experiencing pain, were encouraged to only perform the movements within their comfort range. If they
expressed any discomfort, they were advised to stop or slow down. All participants were able to complete all movement

patterns.

Diaphragm Excursion (Volumetrics)

A Siemens VIDA 3.0T MRI scanner was used to image the diaphragm. Participants were oriented in a supine position
with their heads facing the bore. An 18-channel abdominal coil was placed on the participant over the location of their
diaphragm, and the subjects lay on an 8-channel spine coil. Imaging of the diaphragm included its distal attachments at
the first lumbar vertebrae via the diaphragmatic crura and its most superior point at the level of T6. It also included its
anterior and lateral muscle bundles or “diaphragmatic slips” that attach proximally to the lower six ribs and costal
cartilages and the xiphoid process.

Participants were asked to perform breath holds at the end of inhalation and the end of exhalation at two non-
consecutive time points. The length of each breath hold sequence was 19 seconds. During each breath hold, subjects were
scanned using the following MRI sequence parameters. Sequence Type : 3D, Spoiled Gradient Echo, TE/TR: 1.74/4 ms,
FOV: 400 x 300 x 288 mm; Image Matrix Size: 320 x 180 x 96; Resolution: 1.3 x 1.3 x 3 mm; Flip Angle: 5°; Fat
Suppression: None; Bandwidth: 500 hz/pixel; Acceleration Strategy: CAIPIRINHA; Acceleration Factor: 4; Acquisition
Time: 19s. The imaging volume was placed sagittally in the axial topogram going paravertebrally on the right side,

midway through the center of the vertebral body and edge of the thoracic wall.*?
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Data preparation: We measured the volume between L1 and diaphragm domes during inhalation and exhalation. The
volume change between exhalation and inhalation was used as a proxy for diaphragm movement. With diaphragmatic
breathing, the volume between an imaginary vertical line between the first lumbar vertebra (L1) and the domes of the
diaphragms becomes smaller with inspiration and greater with expiration. A chest breather has a smaller volume
difference compared to a diaphragmatic breather.

Volumes were measured based on semi-automatic “growth by seeds” segmentation of MRI scans using 3D Slicer
Image Computing Software (Figure 2a and b). Each series of data was analyzed blind (the engineer performing the data
analysis had no prior knowledge of the files belonging to either a CLBP or control participant), and volume measure-
ments for the diaphragm domes were obtained.

Diaphragm Function

A spirometer (SpiroLink’s handheld Spirometer Model B1) was used to measure forced expiratory volume in one second
(FEV1). The device includes a rechargeable unit with a digital display area and removable mouthpieces. Each participant
was provided with a new disposable mouthpiece for their test. This test was conducted with the participant in standing
position. The participant was given the following instructions: (1) plug your nose, (2) take a deep breath in, (3) place
mouth over the mouthpiece, (4) exhale as hard and as quick as you possibly can and (5) relax. This test was performed
three times, the FEV1 displayed on the digital screen of the spirometer was recorded and the three trials from each
subject were averaged.

Statistical Analyses

All metrics were compared between CLBP and control groups using independent #-tests (a=0.05). A total of thirteen
metrics were tested; five were from participant demographics, six from breathing mechanics, and one each from
volumetrics and spirometry.

Results

Participants, Descriptive Data and Outcome Data

We recruited 36 participants (n = 21M; n = 15F), of whom 18 were controls (n = 11M; n = 7F) and 18 were CLBP (n =
10M; 8F) subjects (Table 1). The average time between breaths was lost (not saved) for 5 of the control participants. The
MRI scan of one individual with CLBP could not be used because the scan did not include L1.

Main Results

There was no difference between groups for any of the outcome variables that measured breathing mechanism
(abdominal and chest expansion and time between breaths), diaphragm excursion as measured by volumetric changes,
or diaphragm function (FEV1) (Table 2, Figure 2a and b) . P-values for the #-test comparisons ranged between 0.34 and
0.97, indicating very little probability that the controls and participants with CLBP represent statistically distinct
populations with regard to these respiratory variables under the experimental conditions.

Discussion

The aim of our study was to evaluate and compare breathing mechanics, diaphragm function, and diaphragm excursion in
individuals with CLBP and healthy controls following a 30-minute spinal movement program designed to induce
diaphragm fatigue. We did not find any differences between any of the variables. As posited in the introduction,
a lack of differences is a meaningful result, pointing more specifically towards an alternative hypothesis. Specifically,
the diaphragm, regardless of its fatigue status as spinal stabilizer, will not relinquish or weaken its function as a breathing
muscle, though since muscle fatigue implies a decline in its function’ it may be less effective as a spinal stabilizer.®
Individuals with chronic or recurrent low back pain might therefore be more susceptible to subsequent pain flare-ups than
non-symptomatic individuals. Whether this is a function of a centralized pathway due to separate biopsychosocial
triggers or just a mechanical response to fatigue is more challenging to directly address through a small cohort study.
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Figure 2 Visualization and measurement of volumes during inspiration and expiration. (a) 3D slicer segmentation of the diaphragm during held inspiration. (b) 3D slicer

segmentation of the diaphragm during held expiration.
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Table | Participant Demographics

Variable Control (n=18) | CLBP (n=18) | p-value
Age (years) | 48.78 £ 9.0 48.06 * 6.26 0.78
Height (cm) | 174.84 + 10.09 173.14 £ 12.87 0.66
Weight (kg) | 86.46 + 21.56 80.13 £ 16.96 0.35
BMI (kg/cm) | 28.07 * 5.89 26.47 + 3.08 0.31
Pain Levelt I £ 1.17 428 + |1.91 < 0.001*

Notes: Data are presented as mean * standard deviation. *Tested variable
had significant statistical difference with a p-value <0.001. {Pain was scored
on a scale of 0—10 with 10 being the highest level of pain.

Table 2 Respiratory Variables

Variable Control (n=18) | CLBP (n=18) p-value
Breathing mechanics
30-second trial: abdominal displacement (mm) 5.72 £ 450 4.52 + 2.83 0.34
30-second trial: thoracic displacement (mm) 6.27 £ 2.77 596 231 0.71
Abdominal and thoracic displacement difference (mm) —0.56 £ 4.94 —1.44 + 3.89 0.56
Ratio (thoracic/abdominal displacement) >1 (#) 12 9
Time between breaths (s): thoracic 451 £ 1.72% 4.74 + 1.83 0.72
Time between breaths (s): abdominal 4.80 £ |.48* 5.34 + 1.66 0.36
Diaphragm excursion
Sub-diaphragm volume difference between inhalation and exhalation (cm®x10%) | 746.23 + 592.90 702.25 + 813.09%* 0.85
Diaphragm function
FEVI (L/s) 3.68 + 0.021 3.68 £ 0.02f 0.97

Notes: Data are presented as mean * standard deviation. *n = 13 for the statistical analysis for this tested variable. **n = 17 for the statistical analysis for this
tested variable. tData normalized by height.

Thus, the present work represents a necessary precursor to a much larger and more demanding study intended to address
that topic.

Breathing Mechanics
Although there are clear associations between acute pain and some respiration variables,'® the lack of difference in any
breathing mechanics metric suggests that this does not seem to directly translate to individuals with CLBP. The average

pain in our group with CLBP was 4.1 on the visual analog pain scale. This is considered “mild pain”™*?

and might not be
a strong enough stimulus to alter breathing mechanics, even if tolerated over a prolonged period of time. While there
does not appear to be a straightforward linear relationship between pain intensity and altered breathing mechanics, “mild
pain” may not be sufficient to trigger the cascade of physiological responses that result in changes to breathing patterns
and diaphragm function. Pain, as a multifaceted experience involving both physical and psychological components,*
often correlates with increased anxiety and stress.”> However, only at higher intensities might pain elicit noticeable

alterations in breathing patterns, such as shallower breaths primarily engaging the upper chest and rib cage.
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Another possible, though unlikely, reason for not detecting any differences between the two groups could be related to
the methods used for measurement, ie, we measured anterior/posterior (A/P) and lateral expansion of the rib cage. Chest
breathing usually involves the activation of the intercostal muscles, leading to the expansion of the rib cage in the
transverse plane. Deep breathing, such as that occurring during exercise, engages the scalenes and sternocleidomastoid
muscles, resulting in a more pronounced superior rise of the chest.*® This vertical movement was not captured by the
sensors we employed.

Surprisingly, we found that more participants in the control group (12/18) exhibited a thoracic/abdominal movement
ratio greater than 1 (ie, chest expansion was greater than abdominal expansion during quiet breathing), while 6
participants had a ratio that was smaller than 1. In the group of individuals with CLBP there was an equal distribution
(9/9).

We anticipated a higher respiratory rate for those with CLBP based on the findings by Glynn et al*’ who reported that
those experiencing pain have shorter and shallower breaths (ie, hyperventilating) than those who do not have pain. The
authors surmise that those with pain hyperventilate most likely not because of the pain itself but rather from the
individual’s anxiety towards the pain. Those who experience chronic pain develop changes in behavior that lead to
fear of movement/reinjury, catastrophizing of their pain, and a general fear of pain.*®**° It is likely that our participants
did neither experience the necessary high levels of pain at the time of testing nor the changes in respiratory rate
associated with them.

Diaphragm Excursion

We hypothesized that the diaphragm in individuals with CLBP exhibited less movement during inhalation compared to
the healthy group based on finding by Kolar et al' who found that the diaphragm was positioned higher in the thorax in
individuals with CLBP when compared to healthy individuals. We measured the volume changes between an imaginary
axial line at level L2 and the diaphragmatic domes. We did not find any differences between groups. In fact, the
volumetric data were very similar between the two groups, implying that on average the diaphragm moved similarly
between inspiration and expiration in individuals with CLBP and controls. This seems to indicate that a functionally
fatigued (ie, fatigued in its spine stabilizing function) diaphragm will not moderate its function as a primary breathing
muscle in individuals with CLBP. This finding is interesting in light of Janssens et al’s® conclusions that a diaphragm that
was fatigued in its function as a breathing muscle potentially had diminished effectiveness as a spinal stabilizer. We
found in our study that the reverse is not true. This is the first study assessing this directional relationship between the
diaphragm and CLBP.

Diaphragm Function

The average FEV1 in both of our groups was 3.68 L/s with little variability. These values fall in line with average values
in healthy individuals aged 20-60 years that range from 4.5 to 3.5 liters in males and from 3.25 to 2.5 liters in females.*’
We expected a difference in FEV1 based on an earlier study”® where individuals with CLBP used 7.2% more of their
vital capacity (48.2%) than those without LBP (40.9%) during a functional lifting task of a heavy load. It was
hypothesized that individuals with CLBP relied more on respiratory mechanisms for lumbar support during the lift.
Because our FEV1 was taken after several minutes of MRI scanning, it is possible and even likely that the diaphragm had
recuperated and was no longer fatigued. In addition, the FEV1 measurement was taken with the individual in a quiet
standing position and not during an activity, as in the above-named study. Lastly, although unlikely, it is possible that
both groups experienced a decrease in FEV1 values due to diaphragm fatigue. Future studies should include pre- and
post-testing to address this question.

Conclusion

After 30 minutes of movement exercises meant to fatigue the diaphragm, no differences were observed in breathing
mechanics, diaphragm function or excursion (volumetrics) between individuals with and without CLBP. These findings
suggest that the diaphragm, regardless of its fatigue status as spinal stabilizer, will not relinquish or weaken its function
as a breathing muscle, though it may be less effective as a spinal stabilizer. However, due to the preliminary nature of
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these results, further research with a larger sample size and alternative methods is needed to confirm these conclusions
and explore the potential implications for individuals with CLBP, who may be more susceptible to subsequent pain flare-
ups. These findings suggest that incorporating diaphragmatic breathing exercises to improve diaphragm function may
provide an effective treatment option for patients with CLBP.** Furthermore, there appears to be a reciprocal relationship
between diaphragm training and the strengthening of other core stabilizing muscles.*>**

Our study addresses just a small aspect of the complex relationship between respiratory mechanics and musculoske-
letal health. Proper diaphragm function plays a crucial role, not only in directly influencing CLBP but also in affecting
other contributing factors. These include (1) psychological components, as diaphragmatic breathing helps regulate the
autonomic nervous system, promoting relaxation and body awareness,'* and (2) physical activity and overall fitness,
where exercise encourages deeper breathing and improved tissue oxygenation.

Future studies should adopt a more experimental design to establish causal relationships. These studies should
exclude participants with mild CLBP and include measurements of superior/inferior thoracic movement to better
distinguish between chest and abdominal breathing. Additionally, future research could explore other factors influencing
diaphragm function and breathing mechanics, such as psychological aspects of pain, physical fitness levels, and comorbid
conditions.

Limitations and Generalizability
Our study was strengthened by the blinded nature of breathing mechanics and diaphragm excursion analyses.
Nonetheless, it is important to acknowledge several limitations. There were no measures of the diaphragm in both
a fatigued and a non-fatigued state to provide a self-control for each subject which limits the ability to make definite
conclusions about the diaphragm’s performance under varying conditions. Similarly, there was no measure of whether the
diaphragm was in a fatigued state. The lack of observed differences in this study may be due to the failure to sufficiently
load or fatigue the diaphragm. There are no objective tests specifically for measuring diaphragm strength; instead,
functional breathing tests like FEV1 are typically used. Although the participants were MRI scanned immediately after
the exercise program, there were several minutes between these two occurrences, which could have been enough to rest
the diaphragm. MRI measures were performed with the participants laying down. This could potentially decrease
diaphragm use and relieve pain and thus confounded the results. It is also important to acknowledge the inherent
limitations of observational studies in as much as they do not have an experimental design and cannot infer causation.
Lastly, while we recruited participants of ages 35-65 years to reflect the age range with the greatest prevalence of
CLBP,* the findings may not generalize to adults younger and older.

We need to acknowledge possible confounding factors that could have influenced breathing mechanics and diaphragm
function, such as physical fitness levels, comorbidities or psychological factors related to pain.
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